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Linear Temporal Logic (LTL)

Propositional logic (variables, and, or, not)

Temporal operators:

alwaysl(lEzE) S((EE)) i((EE;
eventually X (E) o(E)

next_state(E)

E, UE
E, until E, e

eventually(green-traffic-light)
lock-acquired =» eventually(lock-released)
not(cookie) until homework-done




x Uy

Option 1 Option 2
X is true until time t; X is true until time t;
at t, at t,

y becomes true y becomes true

and x becomes false
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Option 1

x is true until time t;
at t,
y becomes true

The robot won't leave the dock
until

xUI

Option 2

2

X is true until time t;
at t,

y becomes true

and x becomes false

The robot's motor is always on
until




xUI

One can't proceed
from the informal
to the formal by
formal means.

- Alan Perlis

2

X is true until time t;
at t,

y becomes true

and x becomes false

Misconception!

Incorrect semantics in mental .
model The robot’s motor is always on

until




|dentifying LTL misconceptions

Four rounds of study over 3 years

Over 150 students
29 researchers with prior LTL expertise

Multiple LTL syntaxes

Multiple question types
Translate English to LTL
Determine Trace Satisfaction
Choose satisfying trace
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. Precedence (EngrLTL only): Applies to LTL formulas that are correct up to missing parentheses. For
other misparenthesized formulas, apply no labels (Unlabeled) instead of guessing about intent.

= Expected (x and y) => z but subject wrote x and y => z
. ReasonableVariant (Engp LTL only): Applies to LTL formulas that are correct for an unintended
reading of the question. The example here is based on the phrase “Blue will turn on.” We intended
for Blue to be on now or later, but some subjects (quite reasonably!) specified a flip from off to on.
Rajhans et al. [67] call this a rising edge issue.

= Expected F(Blue) but subject wrote (not Blue) and F(Blue)
. Unlabeled: If an answer is convoluted and/or ambiguous, then apply this tag and no others.
. BadProp: Applies to responses that mis-use a logical operator or an atomic symbol.

= Expected “if x then y” but subject wrote “both x and y hold” 7.| ExclusiveU: Applies to responses that assume an until is satisfied only when both the right subterm
= Expected G(x) but subject wrote Gly) and the negation of the left subterm hold.
. BadStatelndex: Applies to responses that use a correct term at an incorrect = Expected x U ((not x) and y) but subject wrote x Uy
apply when a fan-out operator (F, G, U) is missing or included erroneously. 8. TmplicitF: Applies to responses that either ignore or mtroduce an f quantifier.
= Expected “x holds three states from now” but subject wrote “x holds now” = Expected “whenever x, then y in the next state” but subject wrote “x and y alternate forever”
= Expected x U (y and F(z)) but subject wrote (x U y) and F(z) = Expected F(x) but subject wrote x
. BadStateQuantification: Applies to responses that mis-use or swap a fan-out 9. ImplicitG: Applies to responses that either ignore or introduce a G quantifier.
= Expected “x eventually holds” but subject wrote “x always holds” = Expected “x always holds” but subject wrote “x holds now”
= Expected x U y but subject wrote G(x) U y = Expected G(x => G(y)) but subject wrote G(x =>y)
10. Otherlmplicit: Applies to underconstrained responses that are not covered by the ImplicitF and
ImplicitG tags.

= Expected “whenever x holds then y also holds” but subject wrote “x holds now and y holds”
= Expected (not x) U x but subject wrote F(x)

= Expected x U G(not x) but subject wrote x and F(G(not x))

= Expected F(x) and G(x => X(G(not x))) but subject wrote F(x and X(G(not x)))

11. WeakU: Applies to responses that confuse the U operator with the weak variant W, which does not
guarantee that its second subterm eventually holds.

= Expected “x holds for a finite number of states” but subject wrote “x always holds”
= Expected x U y but subject wrote F(y) and x Uy
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Example Question: i the formula

Example Question

Example Answer

= Expected (x and y) => z but subject wiy

' a B
other misparenthesized formulas, apply| h —K_._—@—

reading of the question. The example h )
for Blue to be on now or later, but somg
Rajhans et al. [67] call this a rising edge|

= Expected F(Blue) but subject wrote (r|

= Expected “if x then y” but subject wri
= Expected G(x) but subject wrote G(y)

. BadStateindex: Applies to responses that use a correct term at an incorrect state index. Does not

apply when a fan-out operator (F, G, U) is missing or included erroneously.
= Expected “x holds three states from now” but subject wrote “x holds now”
= Expected x U (y and F(z)) but subject wrote (x U y) and F(z)

. BadStateQuantification: Applies to responses that mis-use or swap a fan-out operator (F, G, U).

= Expected “x eventually holds” but subject wrote “x always holds”
= Expected x Uy but subject wrote G(x) Uy

Alloy 6

Better tools, logics,
teaching
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Classical Mutation

The robot’s motor is always on until it reaches the destination

G(on U (mon A dest))

G(on U (mon Vv dest))
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Semantic Mutation

Mutate correct answers to embody misconceptions.

ImplicitG: Applies to responses that either ignore or introduce a G quantifier.
= Expected [x always holds”| but subject wrote|“x holds now”
= Expected G(x => G(y)) but subject wrote G(x =>y)

The robot’s motor is always on until it reaches the destination

mutate
Ga Yy«

G(on U (mon A dest)) on U (mon A dest )




Semantic Mutation

Mutate correct answers to embody misconceptions.

ExclusiveU: Applies to responses that assume an until is satisfied only when both the right subterm
and the negation of the left subterm hold.

= Expected|x U ((not x) and y)|but subject wrote]x U y

The robot’s motor is always on until it reaches the destination

aU(~aAB) 2225 oUSB

G(on U (mon A dest)) G(on U dest)
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Semantic Mutation

Each misconception can be introduced via a principled set of rewrites

Misconception = Mutation Rules

Implicit G Go mutate

Implicit F' Fa mutate

Bad State Ga mutate,  Fa

uantification fo! fo!

Q ﬁ F mutate G
O_‘U,B mutate (FCE)Uﬁ
(_].'U,B mutate C\:U(Fﬁ)
(_]_'U,B mutate (G(}_‘)Uﬁ
(IU,B mutate O‘.’U(G,ﬁ)
(IU,B mutate (6UO‘.’)

Precedence apd (Bads) IS (apafB)paé

Exclusive U aU(—~a AB) 222 qUg

Weak U aUB 22 (qUB) A FB

Misconception

Mutation Rules

Bad State

Index

Other Implicit

SU(a A (FB)) 2222 (§Ua) A (FB)

SU(a A (GB)) 222 (6Ua) A (GB)
sU(an (FB)) 225 (5Ua) A (FB)
sU(aV (GB)) =22 (5Uq)V (GB)

§U(a = (FB)) =25 (Ua) = (FB)
U(a = (GB)) 225 (Ua) = (GB)
X(anp) 22 (Xa)Ap
X(X(X...Xo) 2 Xxqo

(—aUa) mutate,  Fa

(aU(Ga)) 222 oA (F(Ga))

(Fa) AN (G(B = (X(GB))))
S a A (X(GB))

Xa Zutes  pa

QNB mutate

abdf
mutate
ple

mutate 6
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Are semantic mutants better distractors than syntactic mutants?

14



How can we help
students learn from
thelr mistakes?



Which of the following LTL formulae best represents this
English sentence?

The robot's motor is always on until it reaches the destination

Is this English sentence confusing or unclear?

That's not correct 2 Don't worry, keep trying! The correct answer is highlighted in green (i.e:G (on U (lon & dest)) )

1
(F (on U ((! on) & dest))) Your selection is more permissive than the correct answer. Here is a trace that satisfies your selection, but not the correct answer:

=

‘ dest on

dest on -dest on dest on > dest on

G (on U ('on & dest))

(G ((on U ((! on) & dest)) | (6 on)))

Correct answer

on U ('on & dest)

(G (on U dest))

16




Which of the following LTL formulae best represents this
English sentence?

The robot's motor is always on until it reaches the destination

State 10of 5

Is this English sentence confusing or unclear?

(F (on U ((! on) & dest)))

G (on U (!on & dest))

(G ((on U ((! on) & dest)) | (6 on)))

on U ('on & dest)

(G (on U dest))

8 Use « [ - or the buttons to move between states.

©)

HV(G (on U ((! on) & dest))) ‘

{on U ((! on) & dest)) [
a \%
v

on H ((! on) & dest) :

\
L 2

feam]] | e

on

dest

on

——

~dest

on

— dest on —— dest on _ °  dest on
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Which of the following LTL formulae best represents this

English sentence?

The robot's motor is always on until it reaches the destination
Is this English sentence confusing or unclear?

(F (on U ((! on) & dest)))

G (on U (!on & dest))

(G ((on U ((! on) & dest)) | (G on)))

on U ('on & dest)

(G (on U dest))

Learner may have the
Exclusive U misconception

18



Until | Review |

You might think that x U y (Until) is satisfied only when both the right subterm y
and the negation of the left subterm x hold true. However, the "Until" operator is
more permissive than this. In fact, it only requires that x holds true at every step
until y becomes true. Once y holds, it doesn't matter whether x is true or false.

19



Until | Review |

You might think that x U y (Until) is satisfied only when both the right subterm y
and the negation of the left subterm x hold true. However, the "Until" operator is
more permissive than this. In fact, it only requires that x holds true at every step
until y becomes true. Once y holds, it doesn't matter whether x is true or false.

20



Until

_that x Uy (Until) is satisfied only when both the right subterm y

and the negation of the left subterm x hold true.
more permissive than this. In fact, it only requires that x holds true at every step
until y becomes true. Once y holds, it doesn't matter whether x is true or false.

_ y eventually becomes true at some point in the future, and

until that moment, x must continuously hold true. This does not require x to stop
being true at the same time that y becomes true.

_ the following trace satisfies x U vy :

x&ly

x&y

Ix & ly

the "Until" operator is

21



Next question

Question Question set Mistake :
Question
generator feedback

Learner response

Misconception likelihoods

Question set results

Conceptua| Misconception likelihoods Misconcep‘tion
feedback model
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Do learners using the tutor improve?

P (Correct)

23



Do learners using the tutor improve?

P (Correct) ~ (1 |studentld) + [Formula dif ficulty] +

94%

92% -

T T T T r . :
20 40 60 a0 100 120 140



The Lazy Amazing Educator

A Misconception-Driven Adaptive Tutor
f Linear Temporal Logic

ltl-tutor.xyz

Requires minimal prior instruction
No curricular disruption
Easy to onboard

Available online, also self hostable

25



Why not just let LLMs
write the LTL?



» Gemini

"The red light is on in exactly one state, not
necessarily the first.”

®

(r AF(G(r)) —rU (r A X(G(—r))

27



My Position

Information you exchange with this site cannot be viewed
or changed by others. However, there is a problem with
the site’s security certificate.

% The security certificate was issued by a company you have
not chosen to trust. View the certificate to determine
whether you want to trust the certifying authority.

' The security certificate date is valid.

+ The security certificate has a valid name.

Do you want to proceed?

No View Certificate...

Humans should be in the loop

rity Alert

Revocation information for the security certificate for this site is not available.
Do youwantto proceed?

X

@ Do you want to make this file a Trusted Document?

This file is on a netwaork location. Other users who have access to this
network location may be able to tamper with this file.

| What's the risk?

Yes Mo | View Certificate |

The “responsible human“ model

| CI Do not ask me again for network files

28



"The Red light is on in exactly one state, not

necessarily the first.”
Trace 1 x V Trace 2

.ON —> r.ON —> r.OFF _ r.OFF r.OFF —>/ .ON —> r.OFF > r.OFF

(r AF(G(=r)) —r U (r A X(G(—r))

29
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Pairwise Iterative-Choice Knockout

informal
specification

=

& GenAl

LTL
Formula

=

Semantic
Mutator

/

—

one

candidate?

Trace
Classifier
(Human)

——

zero candidates?

candidates?

wﬁple

Trace
Generator

return
candidate

report issue
to user



Consumes a non-empty finite set of non-equivalent candidates R and a set of
already-classified scenarios £ C U. Produces 2 distinct scenarios.

1. Maintain list 7" of distinguishing scenarios, initially empty.
2. fR={f1,f2..., fn} with n > 2, while |T| < 2, for all pairs {f;, f;} C R:

a. Sample ¢ from ((£(£)\ £(f)) U (£(£;) \ £(f)) \ E.
b. If t is available, add it to T' and F.

3. If |[R| =1or |T| < 2, sample f from R.

If tT is available, add it to T" and E.
If ¢t~ is available, add it to T" and FE.
If ¢~ is unavailable, try to sample scenario t{ from L(f) \ (E). If t] is available, add

it to T and E.
e. If t* is unavailable, try to sample a scenario t € Z}"JZ \ E. If t is available, add it to T

and E.
f. If |T'| < 2, then no further distinguishing scenarios can be produced. Sample 2 — |T'|

scenarios from F if available, and add them to T'.

o oo

4. Return the elements of T'.

Sample distinguishing scenarios ¢~ from £(—f) \ E and ¢t* from L(f) \ E if available.

31



PICK Informally

Given a pair of candidate formulae A and B, compute the set differences:

L(A)N-L(B) and L(B)N-L(A)
\ Closure properties

Decidable
membership
L(A) L(B)
Tractable witness
generation
Sample for concrete_instances from these distinguishing sets,

ask the human to classify

32



User Study

RedOnce: Red is on in exactly one state, not necessarily the first.

RedOnOff: The Red light is on for zero or more states, and then turns off and remains
off in the future.

RedBlue: Whenever the Red light is on, the Blue light will be on then or at some point
in the future.

All the answers

that
respondents
provided
during the
misconception
identification
process

F—

33



Study Participants: Essentially no knowledge of LTL

There is an instrument panel with three colors: Red, Green, and Blue. The Red light is on for zero or more states, and then turns off and
remains off in the future. The variable r indicates when the red light is on, the variable g when the green light is on, and the variable b when the
blue light is on.

34



There is an instrument panel with three colors: Red, Green, and Blue. The Red light is on for zero or more states, and then turns off and
remains off in the future. The variable r indicates when the red light is on, the variable g when the green light is on, and the variable b when the

blue light is on.

b.ON b.ON b.ON b.ON b.ON b.OFF b.OFF
g.OFF » 8.OFF g.0FF g.OFF » 8-OFF » 8.OFF —» g.OFF
r.OFF r.ON r.ON r.ON r.OFF r.ON ¢ r.ON
Your Classifications
Accepted Rejected Unsure
b.OFF b.OFF b.ON
4.0FF g.0N g.0FF
b.OFF b.OFF " roFF || b.OFF Accept BON L~ rorF | roN | b.ON Reject v
g.0FF > 8.0FF g.0FF g.0FF 8.0FF
r.OFF r.OFF r.OFF r.ON r.ON
\ = A
b. b.
b.ON bm/’IE::_’IEEF—‘\hoFF :g:
son |y gon | " gon  Accept v b.OFF b.oN |~ oFF a b.ON Reject v
r.OFF r.ON r.ON g.0N » 80N 8.0N
r.OFF r.OFF r.OFF

.'\_____—/



Essentially no LTL
knowledge,
classifying traces

Little Tricky Logic: Misconceptions in the Understanding of LTL

Ben Greenman?, Sam Saarinen?, Tim Nelson?, and Shriram Krj

Misconceptions in Finite-Trace and Infinite-Trace

B Linear Temporal Logic 9]
Artifact ifact
Evaluation Evaluation

only. /
100%
PICK P23 FM24
80% -+ I
<
a 60%
©
3
3 40%- 62/80
33/46
b A I I 31/50
20% 19/50 15/44
20/79 11744 22/81 /
0% T T T
RedOnce RedOnOff RedBlue
Problem
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RedOnce: Red is on in exactly one state, not necessarily the first. ‘
9 candidates

O ('r) U (r & X(G('r))) [Correct] O F(r) & (r -> X(G('p)))

0 F(X(x)) 0 F(r) - .

0 G(F(z) —> X(G(1T))) & F(r) 0 X(F(r) U GO1r)) Median: 13 classifications
O F(r & X(G('r))) O (F(x) —> G('r))

G (r => XG!'r)

RedOnOff: The Red light is on for zero or more states, and then turns off and remains
off in the future.
O (r U !'r) & (G('r => G('r))) [Correct] [ F(r -> X(G('r)))

7 candidates

Median: 10 classifications

Oru (! r) & ('r => X Ir) U G(r) U G(!r)
Or ->&@) | (G '(x))) O F(r) & G(r -> X(U(')))
O F(G('r))

RedBlue: Whenever the Red light is on, the Blue light will be on then or at some point
in the future.

O G(X(r) -> X)) | F(b))) Or -> (F(b)) Median: 8 classifications
O G(r -> F(b)) [Correct|

3 candidates

37



Misconceptions
are incorrect
semantics

A principled catalog
of LTL
misconceptions

1

Semantic Mutation
to embody misconceptions

PICK

Build confidence in LLM
output

ltl-tutor.xyz

Adapts to students
No curricular disruption

38
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